Enterotoxins increase intestinal fluid secretion through modulation of ion channels as well as activation of the enteric nervous and immune systems. Colonic organoids, also known as colonoids, are functionally and phenotypically similar to in vivo colonic epithelium and have been used to study intestinal ion transport and subsequent water flux in physiology and disease models.
intestine, causing severe dehydration that may result in death. hydrogel. This cell polarity enables the organoids to retain many physiologic functions such as transport of ions across the monolayer. (8, 11) Contact between the basal, cell-surface proteins and the extracellular matrix is thought to be required to provide the correct mechanical and chemical environment for proper organoid formation, monolayer polarity, and ion transport function. (8, 12, 13) Intestinal organoids have been used for nutrient,(14) P-glycoprotein (P-gp),(15) and ion transport assays.(11) When ions are secreted by the monolayer, water follows by a passive mechanism termed osmosis. When sufficient numbers of ions are secreted, the increase in luminal volume due to water movement results in swelling of these spheroidal structures and an increase in the organoid's cross-sectional area. This area increase can be measured directly(11, 16) or indirectly(17) when imaged by microscopy. This phenomenon has enabled intestinal organoids to be used in the study of drug effects, genetic mutation impact, and toxin effect on ion secretion in the organoids. (11, 16, (18) (19) (20) However, embedding the organoids fully within a hydrogel poses a number of challenges to increasing the assay throughput.(21) The organoids cultured in a Petri dish or multiwell plate are typically positioned at random locations along the x, y, and z axes of the thick hydrogel layer, leaving the organoids in varying image planes when viewed by microscopy.
would increase the numbers of organoids per well that are suitable for assay and increase experimental throughput. A second disadvantage is that compounds and drugs must diffuse through the hydrogel to access the organoid. Interactions of molecules with Matrigel can impose a time delay in compounds reaching the organoid or decrease the concentration of compound at the organoid's location. Thus, compound-Matrigel interactions represent an uncontrolled variable in organoid experiments.
We describe the development of a method to create a planar array of colonoids where the colonoids are located on the surface of a hydrogel and compatible with automated image-based assays. Properties of the surface-positioned colonoids were compared to those of hydrogelembedded organoids. Software to perform organoid segmentation and separation of nearby organoids, as well as identification of the colonoid location, was implemented. An automated analysis pipeline identified and quantified the properties of organoids over time and was compared to manual identification and measurement. Colonoid swelling in response to forskolin, cholera toxin, and physiologic molecules was assessed to characterize the extent and heterogeneity of swelling in a population of organoids as well as the rate of fluid movement across the organoid wall. This approach should enable efficient, large-scale screening of the impact of drugs, toxins, and other compounds on colonoid physiology.
Experimental Section

Materials
Polystyrene 96-well plates were purchased from Denville Scientific, Inc., Holliston, MA.
Transwells, Matrigel, ethylenediaminetetraacetic acid (EDTA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and gentamicin were purchased from Corning.
Dimethyl sulfoxide (DMSO) was acquired from Santa Cruz Biotechnology, Dallas, TX. Optimum cutting temperature (OCT) formulation was obtained from Tissue-Tek, Sakura Finetek USA, Inc., Torrance, CA. Na 2 HPO 4 , KH 2 PO 4 , NaCl, KCl, advanced Dulbecco's modified Eagle medium (DMEM)/F-12 medium, dithiothreitol (DTT), GlutaMAX, penicillin, and streptomycin were from Thermo Fisher Scientific, Waltham, MA. Epidermal growth factor (EGF), N-acetylcysteine, sucrose, -sorbitol, cholera toxin and its subunit B, bradykinin, prostaglandin E2, adenosine, serotonin, acetylcholine, and histamine were purchased from Sigma, St. Louis, MO. Vasoactive intestinal peptide was purchased from AnaSpec, Fremont, CA. Fetal bovine serum (FBS) was obtained from Atlanta Biologicals, Flowery Branch, GA. Collagenase type IV was purchased from Worthington Biochemical Corp., Lakewood, NJ. Information for staining and assay kits is provided in the relevant subsections.
Isolation of Crypts from Mouse Colon and Initial Culture
The cytomegalovirus enhancer plus chicken actin promoter (CAG)-DsRed mouse model, in which all cells expressed the DsRed fluorescent protein, and wild-type (WT) mice were used for experiments.(22, 23) All experiments and animal usage were in compliance with the University of North Carolina animal care protocol and were approved by the Institutional Animal Care and Use Committee (IACUC). Mice heterozygous for DsRed expression were bred on a CD-1 background, and WT mice were bred on a C57BL/6 background. Mice (male and female, ages 6-10 weeks)
were humanely euthanized by a lethal dose of isoflurane followed by cervical dislocation under the UNC IACUC-approved protocol 13-200. A detailed procedure for crypt isolation and culture was previously reported.(24, 25) Briefly, a colon was surgically extracted from a mouse following euthanasia. The colon was then opened longitudinally and incubated with EDTA (2 mM) and DTT (0.5 mM) in isolation buffer (5.6 mM Na 2 HPO 4 , 8.0 mM KH 2 PO 4 , 96.2 mM NaCl, 1.6 mM KCl, 43.4 mM sucrose, and 54.9 mM -sorbitol at pH 7.4) for 75 min at room temperature prior to isolation of crypts. Then the tissue was vigorously shaken in a conical tube with isolation buffer to release the crypts from the underlying stroma. Released crypts were pelleted by centrifugation and mixed with Matrigel (2500 crypts in 100 μL of Matrigel) on ice (4 °C). Aliquots (10 μL) of this mix were plated in wells of a 24-well plate, and the plate was immediately inverted to prevent any contact between tissue pieces and the polystyrene surface. The Matrigel was then cured at 37 °C in a cell culture incubator for 15 min. These cultures were subcultured up to 5 times.
Both embedded and arrayed cultures were grown in medium rich in growth factors, termed stem cell medium (SM). SM was prepared by diluting Wnt 3A, R-spondin 2, and Noggin conditioned medium in advanced DMEM/F-12 basal medium and adding necessary nutrients and buffers. Final concentrations of each growth factor were Wnt 3A (80 ng/mL), R-spondin 2 (38 ng/mL), Noggin concentration of Wnt 3A was determined by a Wnt 3A enzyme-linked immunosorbent assay (ELISA) kit (LifeSpan BioSciences, Inc., Seattle, WA). R-spondin 2 and Noggin growth factor concentrations were measured as described previously. (22) The assay medium contained the same nutrients and buffers in similar concentrations to SM except Wnt 3A (26 ng/mL), R-spondin 2 (30 ng/mL), and Noggin (56 ng/mL).
Generation of Arrayed Colonoids
A planar biomimetic scaffold composed of Matrigel (protein concentration 9.2 mg/mL) was prepared in a multiwell plate. For a 96-well plate, 75 μL of Matrigel was dispensed to each well, and for 12-well Transwell plates, 200 μL of Matrigel was dispensed to produce a Matrigel layer 2.4 mm thick. The plate was centrifuged for 1.5 min at 2000 relative centrifugal force (rcf) at 1 °C. The plate was transferred to a 37 °C cell culture incubator for 10 min for Matrigel gelation. To grow organoids on these surfaces, colonoids grown in a Matrigel patty were isolated by incubation with collagenase (type IV, 500 units/mL) to break up the Matrigel. After release of colonoids from the hydrogel, the colonoids were gently mechanically dissociated. Fragmented colonoids (≤50 μm in diameter) containing cells derived from a WT or CAG Ds-Red mouse were added to the surface of a Matrigel-filled well as a suspension (120 000 
Colonoid Characterization
Colonoids were grown on the surface of Matrigel layered onto the membrane of a 12-well Transwell insert. After the colonoids were cultured for 3 days, the array was fixed with 4% paraformaldehyde for 25 min. The array was incubated with 30% sucrose for 3 h and kept in OCT formulation overnight. The membrane was cut out of the inset, and the tissue was sectioned with a cryostat to obtain 10 μm thick slices. These slices were stained with fluorescently labeled phalloidin for F-actin (ActinGreen 488, Molecular Probes, Thermo Fisher Scientific, Waltham, MA) and Hoechst 33342 and then imaged by fluorescence microscopy.
Cell Lineages in Arrayed Colonoids
To mark S-phase cells, 5-ethynyl-2′-deoxyuridine (EdU, 10 μM in SM) was incubated on the arrays for 4 h. The arrays were then fixed in 4% paraformaldehyde for 20 min and incubated with 0.5% Triton X-100 for 20 min to facilitate diffusion of the labeling reagents into the cells. EdU-marked Development of Arrayed Colonic Organoids for Screening of Secretagog... https://pubs-acs-org.libproxy.lib.unc.edu/doi/full/10.1021/acs.analchem....
compensate for any curvature of the Matrigel surface upon which the arrayed colonoids were cultured. First, prior to image acquisition, an autofocus scan of the colonoid array was performed to determine focal positions for each desired imaging region throughout the array. A softwarebased autofocus was used that maximized the standard deviation of the pixel intensity in fluorescence images of the colonoids. To further guarantee well-focused images, 40% image overlap was employed during mosaicking and only the highly focused, central nonoverlapped portion of each image was used for subsequent analysis. Once the imaging positions were determined by utilizing these approaches, a 15 mm 2 area composed of 4 × 6 images with 40% overlap between fields was acquired for each well in 22 s. The 15 mm 2 area was chosen to avoid imaging too close to the well walls (well area 32 mm 2 for 96-well plates).
Image Analysis and Assay Metrics
All image analyses were performed with custom MATLAB scripts. The analyses began by forming full-well images by stitching together the well-focused central portions of the images from a well.
Colonoids were identified by segmenting the Hoechst or DsRed fluorescent images by use of Otsu's automatic intensity thresholding. (27) For some colonoids the fluorescence labeling was dim, which interfered with basic intensity-thresholded segmentation. For these colonoids, intensity thresholding did not detect the full colonoid boundary, and thus the segmentation was discontinuous when in reality the colonoids had an intact and continuous border. To compensate, a morphological closing operation using a disk of 19 μm radius (3 pixels) was applied. Objects below 100 μm in effective diameter were removed to eliminate debris, dead cells, and organoid fragments. Segmentation holes were filled and adjacent colonoids were separated by a geometric watershed transform. (28) Colonoid centroids, areas, and mean fluorescence intensities were automatically recorded within the colonoid boundaries identified in the final segmentation masks.
To track colonoid properties over time, an algorithm was constructed to match the colonoids in the images acquired at different time points. Every identified colonoid's centroid was measured at each time point. When colonoids were tracked over time, colonoids whose centroids varied less than 100 μm along the plane of the array and whose areas varied by less than 25% between time points were considered to be the same colonoid. In the event of temporal gaps in the tracking of a colonoid, the algorithm linearly interpolated colonoid measurements for up to two time points.
Colonoids with three or more untracked time points were excluded from analysis.
Several metrics were used to quantify changes in colonoid size over time. The magnitude of the change in a colonoid's area was measured as the percent area increase relative to the initial area Unsupervised clustering was performed via k-means clustering with k = 2. For classification, each dimension of the data was centered and scaled by the mean and standard deviation. Classification accuracy was estimated by five cross-validation folds.
cAMP-Stimulated Transport
Colonoids at day 2 of growth on the array were used for all fluid transport assays since these colonoids are composed primarily of stem/proliferative cells, which are thought to play a major role in fluid secretion.(30) Wild-type colonoids were stained with Hoechst 33342 (2 μM in assay medium) for 25 min. Forskolin was used for activation of adenylyl cyclase to increase the intracellular cAMP concentration. Forskolin (1 μM), cholera toxin (CT, 5 or 0.5 μg/mL) or subunit B
of CT (C-B, 5 or 0.5 μg/mL) in assay medium was added to arrayed colonoids, which were then immediately imaged every 3 min for 1-1.5 h. DMSO, in an amount equivalent to that in added forskolin, was added to control wells. The viability of colonoids after 48 h on the array with and without an additional 1 h forskolin challenge was measured by use of propidium iodide to assay
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Investigation of Fluid Movement Using Compounds of the Enteric Nervous and Immune Systems
Eight compounds that are known to be associated with cAMP-or Ca 2+ -regulated ion transport were assessed for their ability to induce fluid movement into the colonoids, leading to colonoid swelling (Table S1 ). All compounds except forskolin were dissolved in 1× phosphate-buffered saline (PBS) or distilled water and diluted 1000× in assay medium prior to addition to the colonoids. Forskolin was dissolved in DMSO and diluted 1000× in assay medium. Addition of assay medium or DMSO (0.1%) was used as a control. After being cultured for 2 days in SM, colonoids were stained with Hoechst 33342 for 25 min. The medium in each well was then replaced with the appropriate experimental or control medium and the plate was transferred to the microscope for time-lapse fluorescence imaging every 3.6 min for 32 min. Compound screening was performed in triplicate by culturing arrayed colonoids in three 96-well plates utilizing 16 wells within each plate: one for each of the eight compounds to be screened; one each for the forskolin and cholera toxin positive and negative controls, respectively; five for the assay medium controls;
and one for the DMSO control. To control for plate-to-plate variance, each plate used a random well order for the compounds.
Statistical Analysis
Unless otherwise specified, data are presented as the sample mean and standard deviation. Twotailed t-tests were utilized for comparisons between two groups. Statistical analyses of multiple experimental groups and controls were performed by one-way analysis of variance (ANOVA) and Tukey's test for multiple comparisons. For statistical analysis of multiple experimental groups between embedded and arrayed organoids, two-way unbalanced ANOVA with type III sum of squares and Tukey's test for multiple comparisons were used. All statistical tests were performed at a significance level of 0.05 and were computed by MATLAB or GraphPad Prism (GraphPad Software, Inc. La Jolla, CA). G*Power software (Heinrich Heine University) was used for a priori sample size determination based on a two-tailed t-test for differences in ΔA max of two groups with α = 1 -β = 0.05.
Box-and-whisker plots were used to show ΔA max (%) of colonoids. The small box indicates the mean of the data, the bar shows the median, and the upper and lower boxes represent the 75th and 25th percentiles of the data, respectively. The whiskers extend to the fifth and 95th percentiles, and × denotes outliers. For all statistical comparisons, p-values were represented as follows: * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
Results and Discussion
Generation of a Colonoid Array and Its Characterization
To generate colonoid arrays, a protocol similar to that used to create acinar cultures from tumor cell lines was adapted for primary intestinal epithelial organoids.(13, 31) Colonoid fragments possessing proliferative cells were plated on the surface of a layer of polymerized Matrigel. Cells in the colonoids adhered to the upper surface of the Matrigel and expanded in size while remaining attached to the surface ( Figure 1A,B) . Under these conditions, 24% ± 11% (n = 19) of the colonoid diameter was embedded within the Matrigel, with the remainder extending above the Matrigel surface into the overlying medium ( Figure 1D ). None of the colonoids (n = 70) on the Matrigel surface overlapped in the Z dimension. In contrast, colonoids embedded in conventional 3D cultures were frequently found to overlap one another and reside in multiple focal planes throughout the gel ( Figure S1 ). The polarity of the cell layer surrounding the colonoid lumen was investigated by fixing and cryosectioning the colonoids after 3 days of growth, followed by staining F-actin with fluorescently labeled phalloidin. F-actin was localized to the inner surface of the colonoid lumen, suggesting that the actin-rich microvilli were also located on the luminal organoid surface and that the organoids were properly polarized ( Figure 1C vivo. To identify cell lineages present in the arrayed colonoids, arrayed and embedded colonoids were pulsed with EdU to identify S-phase cells and immunostained for mucin 2 (MUC2) to identify the differentiated goblet cells. Colonoids were imaged with a fluorescence microscope. The area of the colonoid displaying EdU-based or MUC2 immunofluorescence was quantified and normalized to the total area of the organoid, that is, the organoid image area positive for Hoechst 33342 fluorescence. Colonoids that were cultured on the arrays in a medium rich in growth factors (SM) displayed an EdU+/Hoechst area of 47.2% ± 24.5% (n = 27), suggesting large numbers of S-phase or proliferative cells ( Figure 1E,G) . The MUC2+/Hoechst area was 0.5% ± 1.1% (n = 29), indicating that few of the differentiated goblet cells were present under these culture conditions ( Figure 1E,G) . For comparison, Matrigel-embedded colonoids cultured in the presence of the SM possessed an EdU+/Hoechst area of 34.6% ± 22.0% (n = 25) that was not significantly different from that of the arrayed colonoids (p = 0.852) (Figure 1F,G) . Similarly, the MUC2+/Hoechst area for the embedded colonoids (0.3% ± 0.9%, n = 25) was not significantly different than that of the arrayed colonoids (p = 0.486) (Figure 1F,G) . Thus, the arrayed colonoids displayed similar numbers of proliferative and differentiated cells to those found in the embedded colonoids, suggesting that the two organoid culture systems were similar. Additionally, the large standard deviation in the area of EdU uptake and MUC2 immunostaining suggested that the colonoids might be quite heterogeneous in their properties in both culture systems.
Automated Assay of Colonoid Arrays
Since the colonic organoids displayed heterogeneous behavior, significant sample sizes would likely be required to identify subpopulations and/or responses to some compounds. Thus, automated microscopy and image analysis were implemented so that hundreds of colonoids could be assayed per experiment. A motorized microscope acquired a grid of images spanning each well of a 96-well plate ( Figure 2A ). As the colonoids lay above the hydrogel surface and the structures did not overlap, autofocus routines could be applied to rapidly image the colonoid arrays (22 s/well). The images of each well were stitched together, followed by application of an automated analysis pipeline (Figure 2A,B) . The colonoids were segmented by use of Otsu's method for thresholding to create a mask for subsequent fluorescence measurements. (27) The masks were size-filtered to remove objects less than 60 μm in diameter, and adjacent colonoids were separated by a watershed transform.(28) Colonoid centroids, areas, and mean fluorescence intensities were then quantified for the masked regions, and these features as well as the colonoid location were tracked over time.
To develop the automated platform, murine colonoids expressing DsRed were cultured on the arrays and imaged over 3 days. The wells contained a total of 214 colonoids (n = 3 wells). The median colonoid diameter increased from 105.0 ± 12.8 to 139.0 ± 6.7 μm (p < 0.02) over the 3-day culture time (Figure 2C-E) . Between days 2 and 3, the majority of the colonoids (52.6% ± 6.5%) experienced ≤25% increase in image plane area ( Figure 2D , Video S1). The colonoids were nearly stationary over this time with an average linear velocity of 2.8 ± 0.3 μm/h. A small percentage (9.4%) of the colonoid population displayed >75% increase in image area during the 24 h time, with the fastest growing colonoid expanding in area from 17 850 to 36 237 μm 2 (equivalent diameter increase from 151 to 215 μm). Most of the colonoids (95%) displayed area growth rates <4.3%/h and absolute area growth rates <479 μm 2 /h. The performance of automated image analysis of colonoid area and position was evaluated from image data acquired between days 2 and 3 of culture ( Figure 2F ). The automated image analysis routines segmented and tracked 72.6% ± 7.9% of the wells' colonoids (154 colonoids across 3 wells). A goal of this work was to segment the entire colonoid without including adjacent colonoids
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cAMP-Regulated Transport
Intracellular cAMP production initiates ion transport into the intestinal lumen, which is followed by the passive movement of water into the lumen. In the colonoids, ions and fluid move into the enclosed lumen, causing the structure to swell. To assess the cAMP-regulated transport, arrayed colonoids were stained with Hoechst 33342 and stimulated with forskolin (0 or 1 μM), which is commonly used to stimulate the production of cAMP by adenylyl cyclase in cells. The colonoids were imaged over time with the automated platform, and Hoechst fluorescence was used to identify and segment the colonoids. Addition of forskolin to cells resulted in a visible increase in colonoid diameter in less than 1 h, while the DMSO control had no impact on the structures ( Figure 3A,B) . Colonoid area was tracked over time to determine net rate of fluid movement across the monolayer of colonic epithelial cells (Figure 3C-E and 30% that of the average maximal net fluid flux for colonoids in medium, DMSO, and forskolin.
Overall, the fluid transport rate of arrayed colonoids treated with forskolin was comparable to that of 3D embedded cultures under the same conditions, which was 2.16 ± 0.55 μLꞏh -1 ꞏcm -2 . These results suggested that cAMP-regulated ion transport followed by passive water movement occurs in the arrayed colonoids.
The information-rich images of arrayed colonoids can be used for identification of heterogeneous behaviors after a perturbation, such as application of a drug. For the forskolin-treatment experiment described above, each colonoid's size, swelling magnitude, and swelling kinetics were quantified by a panel of 10 metrics (Supporting Information). To identify treatment-dependent subpopulations of colonoids, the experimental data set, consisting of 66 forskolin-treated, 71 DMSO-treated, and 63 untreated colonoids, was clustered into two groups by k-means clustering ( Figure 3C,D) . Forskolin-treated colonoids disproportionally fell into the responder cluster, which (Figure 3D,E) . The maximum nonresponder ΔA max was 20.5%, with 48% of forskolin-treated colonoids exceeding this swelling amount (8 nonresponders and 24 responders out of 66 total forskolin-treated colonoids) ( Figure 3E ). These data demonstrate the heterogeneity of colonoid swelling, even in response to the same stimulus, forskolin, a direct activator of adenylyl cyclase.
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This website uses cookies to improve your user experience. By continuing to use the site, you are accepting our use of cookies. Read the ACS privacy policy. A support vector machine (SVM) classifier was trained for each replicate experiment by using that replicate's forskolin-treated and control colonoids as the classification's positive and negative training groups, respectively. induced swelling using colonoids derived from four wild-type mice (3 male, 1 female) was investigated ( Figure S2 ). Arrayed colonoids grown from these mice were treated with forskolin, while a control well received 0.1% DMSO-containing medium only. The dose-dependent response to forskolin permits an estimate of the number of colonoids needed to obtain a statistically significant swelling response as the forskolin concentration is altered. The lowest forskolin concentration that induced a statistically different response relative to the control was 250 nM (p < 0.001, two-way ANOVA), which induced 2.1-and 2.6-fold increases in median ΔA max over the DMSO control for embedded and arrayed colonoids, respectively. Based on these data, the estimated total sample size required to detect statistically significant differences between the ΔA max of forskolin and DMSO-treated colonoids is 2868 for the expected 1.2× difference, 322 for a 1.5× difference, 80 for a 2.8× difference, and 42 for a 2.9× difference. Thus, even for a moderate level of swelling (1.5-fold size increase), hundreds of colonoids must be screened for statistical confidence. The use of arrayed organoid strategy enables the assay of sufficient colonoids for these biologically relevant swelling conditions.
Investigation of Fluid Secretion by Cholera Toxin
Cholera is a well-known toxin that causes persistent diarrhea through cAMP production as well as activation of enteric nervous and immune systems. The toxin consists of two units, A and B. The combined toxin A + B (CT) is required to activate adenylyl cyclase and produce cAMP.(1) The B subunit of cholera toxin (C-B) binds to intestinal epithelial cells but does not stimulate cAMP production.(33) The impact of cholera toxin on colonoid arrays was investigated by adding CT, C-B, or medium to the cultures and applying the automated platform to track the colonoids over time. CT at both 0.5 and 5 μg/mL induced a significantly greater increase in ΔA max than the medium-only control or 0.5 or 5 μg/mL C-B (p < 0.01 for all comparisons; Figure 4A ). There was no statistical difference between wells treated with medium alone and wells treated with 0.5 or 5 μg/mL C-B ( Figure 4A ). These data demonstrate the utility of our platform in the measurement of cellular responses to enterotoxins. such compounds on fluid transport on intestinal cells, eight compounds [bradykinin, prostaglandin E2, vasoactive intestinal peptide (VIP), adenosine, serotonin, acetylcholine, and histamine] generated by enteric nerves or inflammatory cells during infectious diarrhea were selected for screening on the primary arrayed colonoids (Table S1) 
Conclusions
This paper demonstrates the development of an arrayed colonoid culture system on the surface of a hydrogel support. The colonoids resided on a locally flat surface such that efficient automated imaging was possible by use of a computer-controlled microscope. Moreover, the cell types and polarity of the arrayed organoids were indistinguishable from hydrogel-embedded organoids.
Using simple and accessible automated image analysis methods, we demonstrated the measurement of individual colonoid positions and sizes over time frames as long as 72 h. By this approach, net fluid movement across the epithelial cell monolayer of the organoids was tracked and quantified by using the colonoid cross-sectional area as a proxy. This image-based tracking of organoid swelling was used to screen a small set of physiological molecules associated with the enteric nervous and immune system for their impact on water movement across the colonoid epithelium. Heterogeneity in organoid response to chemicals, such as forskolin and PGE2, and toxins, such as cholera, was readily observed. For example, PGE2-treated colonoids displayed a responsive subpopulation that possessed 3.5× higher response compared to that of PGE2 nonresponders. To detect smaller swelling responses, from 1-to 2-fold that of the control, hundreds to thousands of colonoids are required to identify statistically significant responses. This arrayed colonoid system readily permits large numbers of organoids to be assayed, thus allowing small subpopulations to be identified. In this instance, 2248 colonoids were assayed in less than 4 h for the compound screen. We anticipate the utility of this arrayed colonoid culture for applications involving screens of drugs, bacterial products, and dietary metabolites on primary intestinal tissue. Further, we anticipate that this platform can be readily extended to culture human intestinal organoids for personalized medicine applications.
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